Abstract. Europium(IJI) fluoride mesocrystals were synthesised iu an organic matrix. This matrix is a gel fonned by Eu 3 + ions and a polycarboxylate/sulfonate copolymer, ACUSOL 588G. In the gel phase, the local amount of europium ions is very high since Eu 3 + acts as a crosslinker, and crystallisation occurs upon addition of F-. Nucleated seed
Introduction
The control over the mutual self-organisatiou of nanopartic1es towards superstlUctures and well organised arrays is a next step in nanosciences. Recently, non classical clystallisation was found to be a tool for controlled nanoparticle organisation to superstlUctures or single crystals, thus generating so-called mesocrystals, superstlUctures built up by nanoclystals, which are in mutual alignment [1] [2] [3] . Often the clystalline building blocks are in perfect three-dimensional crystalline registry. The properties of mesocrystal materials, such as single crystallinebehaviour, high crystallinity and high porosity are velY useful for functional materials. Such combination of properties in a single material is unique compared to single-crystalline, polyclystalline and amorphous materials. A number of desirable characteristics can be found within a mesocrystal that cannot be obtained for the same material in amorphous or single-clYstalline form or as a polycrystalline aggregate. For example, it can be very advantageous to use a catalyst-material in form of a mesocrystal. It combines high crystallinity with small particle size, high surface area and high porosity as well as good handling as the mesocrystal has a size in the micrometer range. Examples for mesocrystals of functional materials are NH4 TiOF 3 mesoclystals and their topotactic conversion to anatase-mesocrystals [4, 5] as well as superparamagnetic magnetite mesocrystals [6] .
In the present study, mesocrystals of europium(III) fluoride (EuF 3 ) are described. Compounds based on rare-earth elements are among the most common luminescent materials, due to high photochemical stability, characteristic sharp emission lines of lanthanide ions and high quantum efficiencies [7] . They are applied for high-perfonnance luminescent displays, optical communication and biochemical probes to laser materials [8] [9] [10] [11] . Therefore, it is desirable to develop bottom up strategies for the design of these materials with a controlled nanostructure. Wang et al. prepared a variety of EuF 3 nanostructures with different crystalline phases and morphologies via a simple solution route employing different fluoride sources [12, ,13] and new morphologies of crystalline europium(III) fluoride were addressed more and more often in the last few years [14, 15] . The optical properties of EuF 3 were analysed in detail by Jayasankar using fluorescence microscopy. He detected the typical magnetic dipole transition (5D o -> 7F d and the typical electric dipole transitions CSDo-> 7Flo 5DO -> 7F}, 5Do -> 7F 4 ) [16] .
Following the pioneering work of Kniep on oriented superstlUcture synthesis in stlUctured biopolymers, e.g. synthesis and analysis of a hexagonal-prismatic seed crystal of fluorapatite fonned in a gelatin gel [17, 18] we made the cunent mesocrystals of EuF 3 by using a polymer gel as template. Using a structured organic matrix is an obvious mechanism for mesocrystal formation since the crystalline nanoparticles could align along the organic matrix [2, 19] . There are two possibilities for the formation of a mesoclystal: either the nanopatiicles are formed first and then attach to the polymer and get oriented, or they nucleate directly on the organic matrix which could act as an oriented, heterogeneous nucleation site [20] . A large 1925 First publ. in: Zeitschrift für anorganische und allgemeine Chemie 636 (2010), 11, pp. 1925-1930 Konstanzer [21] [22] [23] [24] [25] . Typical examples for a matrix-mediated nanoparticle growth are the formation and growth of bones as well as the growth of nacre [25] [26] [27] . Here we report on the exploitation of such principles for the generation of an EuF 3 mesocrystal.
Results and Discussion
As soon as Eu(N0 3 h5H 2 0 solution is added to the Accusol! NaBF 4 solution,nanoparticles composed of polymer and mineral precursors are formed in solution. The particle size is increasing in the first 3 h to a valuc of about 500 nm and then drops because of the sedimentation of the formed particles when they grew further ( Figure I ). This is also expressed in the decrease of the intensity, which reaches 0 after 8 hours.
After a reaction time of 3 hours and isolation of crystals, platelet-like agglomerates with flat surfaces, expressed angularity, and with different sizes and thicknesses were obtained. They are obviously built up by small primary nanoparticles with an average size between 30 and 50 mu, as evidenced by SEM (Figure 2 ). XRD measurements (Figure 3) show that the primary particles are completely crystalline; the diffraction peaks can be indexed to the hexagonal phase of EuF 3 (JCPDS 32-0373). The particle size of 30 nm from Scherrer evaluation agrees well with the SEM results. Comparison of the obtained WAXS data with the reference for hexagonal EuF 3 shows that the peak intensities are velY similar. No prefelTed orientation can be deduced from the WAXS data.
Nevertheless, the crystalline building blocks of the agglomerates are in perfect vectorial alignment with their three CIYStallographic axes pointing in joint directions. The electron diffraction on the big polycrystalline aggregates ( Figure 4b ) gives a single-crystal spot diffraction pattel11, which demonstrates the vety high degree of mutual oricntational ordcr of the nanoparticles. In addition, polarisation microscopy with crossed polarisers shows a strong, very homogeneous birefringence with unifol111 colour over distances> 100 I-lm, which is a proof for the isoorientation of the nanoparticle aggregates even on the micron scale. Therefore, the obtained nanoparticle superstructure is a mesocrystal [I, 2, 19] .
The formation reaction of EuF 3 is literature dcscribed as follows [15] Eu 3+ + 3BF. -t EuFJ + 3BFJ
(1) (2) (3) The release of the protons [Equation (2)] and thus the fOlmation of EuF 3 can therefore be followed via pH-measurements. The pH value varied in the experiment from 2.6 at the beginning of the reaction to 2.2 after reaction of 3 hours. This indicates continuous formation of EuF 3 . At these pH values, the carboxylic acid part of the polymer template is clearly protonated, but the strongly acidic sulfonic acid residues (14.7 mol-%) are still deprotonated. As a consequence, a gel is formed via electrostatic interactions of the sulfonated copolymer with Eu 3 +. Gel formation was demonstrated by swelling experiments under a light microscope and gravimetric comparison of the swollen and deswollen gel.
To investigate a possible templating mechanism of the Accusol-Eu gel, we perfonned a control experiment. By slowly adding an aqueous Eu(N03h solution to an aqueous ACUSOL 588G solution, the gel was formed. The mixture became turbid immediately, and colloidal gel particles were fonned. The precipitate was centrifuged. SEM images of dried gel samples showed a primary nanostructure similar to the final europium(IH) fluoride-mesoclystals. It is built up by small particles with similar average size of 50 nm as the building units of a layered gel film ( Figure 5 ). This confilms the assumption that the microgel particles serve as templates for the subsequent crystallisation. The electron diffraction of the control gel particles demonstrates the amorphous character of the polymermetal ion adducts. .8 Upon addition of NaBF 4 aqueous solution to the as formed reference particles, the gel dissolved after three days. After further two days, a transfonnation to a crystalline precipitate took place and could clearly be followed by naked eye. This shows that the europium ions that were initially bound by the polymer reacted with the fluoroborate ions, which weakens the gel stlUcture, while EuF 3 formed. As only those Eu 3 + ions, which cross-linked the gel structure, were available for EuF 3 formation, the gel was destroyed, and no templating took place in the reference experiment. Therefore, under the standard reaction conditions, an Eu 3 + excess with respect to the amount needed to crosslink the gel was mandatOlY for mesostlUcture formation.
In another control, the experiment was repeated under the same conditions except the removal of the supernatant reaction solution. In that case the Europium-polymer complex was not dissolved due to the Eu 3 + excess. This shows that the fluoroborate ions react primarily with the europium ions in the solution.
However, since light scattering ( Figure I) shows that the particles sediment after 3 h when they have reached a radius of 500 nm. It is likely that these larger particles are the centres for further growth to the structures several tens of micrometer in size as observed by SEM (Figure 2) . The polymer and europium ions needed for this growth are supplied from the solution phase, and the gel can act as a template for the formation of the EuF 3 mesocrystaI.
Increasing the reaction time from 3 h to 16 h led to some different structures. Round and disc shaped stlUctures with rough surfaces and an average size of 500 nm were obtained as it is typical for a reaction of NaBF4 and Eu(N0 3 h without any additive (Figure 6a, b) [12] . The crystallinity of the particles was proven by XRD (data not shown) and the diffraction peaks can be indexed to the hexagonal phase of EuF 3 . Figure 6 . a) and b) The SEM images show a network of round and disc shaped particles after a reaction time of 16h. c) TEM shows that these particles are po1ycrystalline and exhibit a short range order.
These stlUctures are also polycrystalline, and electron diffraction shows again a mutual order as it is typical for mesoclystals (Figure 6c) . However, the order is lower than in the case of the mesocrystals formed in the polymer gel template (Figure 4) . A time dependent observation of the fOlmed StIUCtures (3 h, 5 h, 7 h, 9 h, 11 hand 16 h) shows that the gel stlUcture controls stlUcture fOlmation up to 7 h (Figure SI 2) . After 9 h, the particles with the rough surface begin to fOlm on cost of the polymer gel since the gel gets depleted in the areas where particles are observed ( Figure SI I) . After 16 h, this process has advanced to a stage, where the entire gel was consumed and only the secondalY species were left. We assume that with increasing time Eu 3 + gets depleted, and also the Eu 3 + cross-linking the polymer is consumed. This leads to the observed dissolution of the gel structure and formation of the round and disk shaped mesoclystals.
The influence of reaction time on the sample properties is also found in the luminescence properties. In Figure 7 A clear difference in the spectral intensity distribution was observed for the samples isolated after 3 hand 16 h: i) for the sample isolated after 3 h the luminescence transition corresponding to the 5Do-7Fo transition is well pronounced in contrast to the sample isolated after 16 h. The luminescence spectlUm of the sample isolated after 16 h is very similar to a EuF 3 reference sample. The spectral intensity distribution of the europium luminescence is mainly determined by the symmetry of the local coordination sphere and the charge density as well as the covalency of the bonds. Whereas in a highly symmetric complex the 5Do-7Fo transition (around )'CIll = 579 nm) is forbidden and therefore should not be observed in the luminescence spectlUm, distortion of the symmetry lower the forbiddance and subsequently, this transition can be observed in the luminescence spectlUm. In case of the reference sample and the sample isolated after 16 h, the intensity of the 5DO-7FO transition is velY weak, indicating a high degree of symmetry in clystals (the minor intensity may be due to matrix vibrations, which lower the symmetry and consequently also the forbiddance of the sDo-7Fo transition) (see Figure 7 , Inset). For the sample isolated after 3 h a much higher intensity of the sDo-7Fo transition is obselved, which indicates a relaxed europium symmetry in the presence of the polymer gel template. A similar trend is also found for the asymmetty ratio (intensity ratio of the sDo-7Fl and the so-called hypersensitive SDO-7F2 transition at Acm = 595 nm and 615 nm, respectively, see also Figure 8 ). Furthel1TIore, the differences in the europium environment are also reflected in the small spectral shift of the 11on-degenerate 5Do-7Fo transition (see Inset of Figure 7) , which is representative for a europium species [28] . In Figure 8 the time-resolved luminescence decays at )'em = 595 nm and the asymmetry ratios are shown, which further support the results of the luminescence spectra analysis. Whereas the reference and the sample isolated after 16 hare very similar, the luminescence decay as well as the time dependence of the asymmetry ratio of the sample isolated after 3 h are distinctly different: i) the luminescence decays much faster and ii) the asymmetry ratio continuously changes with time after the laser flash (in contrast to the sample isolated after 16 h, which approaches a limiting value similar to the reference sample (see right side of Figure 8» .
In the luminescence decays, quenching contributions from Iigands are seen. The luminescence decays of all samples are multiexponential, which may be connected to different species in the sample (e. g., surface and bulk europium ions interacting differently with surrounding water molecules, which are strong luminescence quenchers due to the effective coupling to OHvibrations). The presence of two species (bulk and surface) can be seen in the time-dependence of the asymmetry ratio of the reference and the sample isolated after 16 h, which both approach a plateau at long times after the laser flash (right side of Figure 8 , top and middle) [29] . Striking is the fast (compared to the other samples) luminescence decay of the mesocrystal sample isolated after 3 h, which may be attributed to a strong coupling to the presence of the polymer gel matrix and the subsequent efficient luminescence quenching (e. g, via matrix vibrations).
The whole reaction pathway reminds of other, related observations of mesocrystal formation via crystallisation in a geltemplate. One ofthe best investigated examples of me so crystal development in a gel is the formation of the hexagonal-prismatic seed crystal of fluorapatite in gelatin [30] . The clystallisation in a gel is very suited for the formation of mesoclystals as the clystal growth takes place at a high level of supersaturation and in the absence of flow and mechanical distortion [31] . This results on the one hand in an increase of the nucleation of small nanoparticles, which in addition are able to interact unperturbed and to arrange. Furthermore, the reduced diffusion in the gel ensures sufficiently slow growth [31] . The level of supersaturation ofEu3+ ions along the europium-ACUSOL-gel is velY high and nucleation occurs since the Accusol gel acts as an "ion sponge". Small EuF 3 nanoparticles develop in the polymer gel, which then form the mesocrystals. Since EuF 3 has a hexagonal clystal structure, it has by symmetry no dipole moment, which could generate the mutual alignment of the nanocrystals in the mesocrystal. However, EuF 3 has polar faces, namely {~Ol}, {lID} and {OIl} (see Figures SI 3-5) , which can be Europium-terminated and therefore strongly positive. This is favourable for the adsorption of the negatively charged copolymer. If a particle is nucleated in the vicinity of the polymer, the polymer can adsorb on one of these charged faces and block them from further growth. However, adsorption can for energetic reasons -only occur on one side of a particle, thus creating two oppositely charged faces, as was already discussed earlier for CaC0 3 [12] and BaCr04 [32] . This leads to the formation of a strong dipole, resulting in the mutual alignment of adjacent nanoparticles. We propose this mechanism also to hold true for the formation of the EuF 3 mesoclystals in the copolymer geL It is interesting to note that our case is different from the fluoroapatite mesocrystals fonned in a gelatin gel [33] . Gelatin triple helices carry a dipole moment, which generates the intrinsic electric field aligning the nanoparticles. In the present example, this cannot be the case, and dipole fields can only be generated by unsymmetrical polymer adsorption.
Conclusion
We succeeded in fabrication of europium(III) fluoride mesocrystals by a simple reaction in an organic matrix. It was demonstrated that Eu 3 + ions react with the polymer ACUSOL 588G to a gel. Adsorption of the polyanion on a charged face of a particle nucleated in the vicinity of the polymer leads to oppositely charged faces resulting in a dipole moment. Due to this dipole field, the arrangement of the particles takes place according to the particular dipole-dipole-interactions. This is supported by the luminescence results, which confirm the presence of a modified europium ion surrounding in presence of the polymer gel matrix. The polymer gel has multiple roles in this complex forming process. It acts as an ion sponge that generates the high supersaturation in the gel phase leading to particle nucleation in the gel only. Secondly, it leads to the fonnation of a dipole field by adsorption onto a charged polymer face in the vicinity of the gel. In the present case, the mesoclystal gel structure is however only transient. With time, the gel dissolves again after the crosslinking europium ions were consumed for particle growth. Our example shows that complex functional mesocrystal stlUctures can be assembled in very simple self-organised reaction schemes NanostlUctured materials have received extensive attention due to their unusual properties and potential applications. For example, europium(IIJ) fluoride is used for high-perfOlmance luminescence displays or for laser materials. The here shown mesocrystalline material might be advantageous for these applications since a me so crystal combines high crystallinity with a small particle size.
Experimental Section
Materials: Sodium fluoroborate (NaBF 4 , Fluka, 2: 98 %), europium(III) nitrate pentahydrate (Eu(N03h'5H 2 0, Aldrich, 99.9 %) and the polymer ACUSOL 588G (Acrylic acid/sulfonic acid copolymer, likely with 2-aclylamido-2-methylpropanesulfonic acid, AMPS content from elemental analysis = 14.7 mol-%, Mw = 12000 g-mol-\ a well known anti scale additive donated by Benckiser, were used without further purification. was mixed with an aqueous solution ofNaBF 4 (25 mL, c = 160 mM) whilst stirring in a beaker. After a few minutes, an aqueous solution of Eu(N03h'5H 2 0 (50 mL, c = 20 mM) was added. The mixture became turbid immediately. The reaction mixture was stilTed at room temperature for 3 h (respectively 16 h).
Afterwards, the supernatant solution was removed by centrifugation.
The precipitatc was washed with distillcd watcr several times as well as twice with ethanol by centrifugation.
Between the centrifugation steps, the sample was treated by ultrasonic for a few minutes to dissolve the precipitate in water. The final product was dried at 70 QC under vacuum overnight.
Characterisation: The crystals were characterised with different microscope techniqucs. The light microscopc images were obtaincd with a Leiea microscope type DMR B with and without crossed polalisers. The microstlUcture was also analysed with a scanning electron microscope (SEM) LEO 1550-Gemini-System. The transmission electron microscope (TEM) images were recorded with a Zeiss EM 912[2 microscope operated at 120kV
The XRD data were measured in reflection mode (Cu-Ko radiation) with a BlUker D8 diffractometer equipped with scintillation counter.
The luminescence of the crystals was mcasured using combined Nd:YAG OPO laser (Quanta-Ray, Spectra Physics) OPO system operated at 20 Hz (versaScan, GWU Laseltechnik) for excitation at i. ex = 395 nm. The emission of the samples was detected in the wavelength range of 550 nm < )'cm < 800 nm by a spectrograph (MS257, Oriel TnstlUments) equipped with an iCCD camera (DH720-18H-13, Andor Technology). In the luminescence measurements time-resolved emission spectra (TRES) were recorded based on a gated (box-car) detection scheme. In a typical experiment, the luminescence signal was integrated for a gate time ot = 100 J.ls at variable gate step lit after the laser pulse in the time range of 10 J.ls < lit < 5000 J.ls with a gate step of 40 J.lS. The luminescence measurements were performed on suspensions of the samples at room temperature.
